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Abstract 
From first experiments in fragmentation of shells by Mott to nowadays, two challenges still persist: obtain quantitative observation during 
experiments and succeed to do simulations which reproduce experimental data and fragmentation. We propose in this paper to illustrate 
these two challenges using the expansion of a spherical shell of titanium alloy (Ti – 6 Al – 4 V). We will describe first the experimental 
setup, focusing on the different diagnosis used, in particular PDV grid and laser imaging. The junction of both measurements allowed us 
to generate a 3D reconstruction of the expansion. Then we will describe the 2D numerical simulation which allows us to rebuild the 
results from the PDV grid and is used to initiate 3D analysis leading to the generation of fragments. The comparison between 
experimental results and numerical ones will be presented and commented. 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society. 
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1. Introduction 
When a thin metallic shell expands, due to internal pressure or shock wave, various phenomena occur. In particular, the 
deformation starts to grow homogenously inside the shell. Then, due to geometric considerations, effect of the texture of the 
material or impurities, some heterogeneities appear, first as linear perturbations and then as a function of their growth rate as 
major ones where all the deformation is localized. This localization can appear in two ways: a local thinning of the shell or 
the formation of thin band of high shear deformation. In this study we will focus on this last type of localization: the 
fragmentation linked to shear band formations. For this, we used a thin spherical hemisphere of titanium alloy (Ti - 6 Al - 4 
V), which is well known to easily generate shear bands [1]. 
Several studies have been performed in the past to understand how fragmentation occurs in dynamic expansion. Mott [2] 
was one of the first to propose a model based on his experimental observations. Several years after, Grady [3] completes 
these observations with new experiments and introduces energetic consideration into the formulations. In parallel various 
type of experimental setup were tested, such as ring, cylindrical [4] or spherical [5][6] expansions. With these new data, and 
the development of numerical simulations, several authors propose more complex models based on instability criteria [7], 
cohesive zones [8] or directly applied Mott's model in codes [9]. This short bibliography shows that the understanding of 
fragmentation is still an open subject as the accuracy in experimental results and numerical simulations increases [10]. 
Our aims in this study were not only to develop new diagnostics for this type of experiment but also to compare 
experimental and numerical results to finally achieve a better understanding of this type of fragmentation mechanism. In the 
first part of this article, we will present the experimental setup and the different diagnosis we used in this experiment. Then 
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we will compare theses results to numerical ones. Fragmentation and comparison with various approaches and formulations 
of fragmentation characteristics will also be presented. 
2. Experimental setup 
2.1. Geometry 
This experiment was designed to be quite simple and to allow us very fine observation of the fragmentation process. That 
is why we decided to implement a hemi-spherical expansion of a titanium alloy thin shell. The sketch of the setup is 
presented in Fig. 1. The support is made of stainless steel with a hole in its center to place the detonator which fuses the 
explosive in octogen at point C. To generate an evolution of shock arrival between θ = 90° and θ = 0°, we choose to use a 
non spherical piece of high explosive with L > l (cf. Fig. 1). In consequence, the transmitter in aluminum alloy (AU4G) is 
thinner (~3 mm) at θ = 90° than at θ = 0°. This piece has been chosen to limit the expansion of detonation products. During 
the experiment, they are constrained by the transmitter and do not perturb the optical observations of the target. The various 
heights of the transmitter and the shell at contact with the support also suppress the leak of detonation products. The 
titanium alloy is linked to the transmitter by a small amount of silicone resin to assure a good contact between the pieces 
(not represented in the figure). 
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Fig. 1. Geometry of the experimental setup.  
Fig. 2. shows the different steps during the experiment. In the first two steps (a and b), the pressure wave generated by 
the explosive reaches the shell at θ = 90° and then at θ = 0°. Then, due to the reflections of the waves inside the titanium 
alloy, the shell is accelerated faster than the transmitter (even if the shock impedance of the titanium alloy is higher than the 
one of the aluminum alloy). In consequence, just after the shock arrival, the shell has no more contact with the transmitter 
and is in free flight (only the area near θ = 90° remains in contact due to side effects and won't be considered during the 
analysis).  
With this configuration, we succeed to achieve a good containment of detonation products to assure the quality of optical 
observation, even for long times. Moreover, this simple sphere expansion allows the shell to be in free flight a few micro-
second after the shock arrival. So, this setup can be easily used to study fragmentation processes.  
1 μs 2.5 μs 15 μs 35 μs  
Fig. 2. Simulation of the different steps during the experiment (1 and 2.5 μs: pressure from blue, P = 0, to red, ~30 GPa, 15 and 35 μs: geometry at 
different times with the same colours as Fig. 1, t= 0 is arbitrary). 
2.2. Diagnoses 
During the conception of this experiment different needs have been expressed: first, we have to assure that the flight 
corresponds to what we compute in simulations for the various sites of the shell. For this, different PDV probes were used. 
The four main ones (PDV 1 to 4 in Fig. 3) with 8 mm diameter probes assure the best acquisition. The comb with 2.5 mm 
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diameter, as the actives probes, was designed to follow the shell velocity and position at long time to detect an effect due to
the fragmentation.
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PDV comb
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Laser imaging
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Pyrotechnic flash
Equivalent target at
fragmentation time
Detonator
Fig. 3. Schematic representation of the different diagnosis used during the experiment and real implantation during settings.
The second need expressed was to achieve a fine measurement of the characteristics of the fragmentation: time of 
apparition of the fragments and their spatial characteristics (area, form factor etc...). For this, different combs of probes were
used together with optical observations. The first one, the integral imaging is a mechano-optical camera which delivers 24
images with a time step of 0.9 μs. It was set to surround the predicted time of fragmentation to have both the beginning and 
the end of the process. A pyrotechnic flash was used to illuminate the target. This camera gave us a complete view of the
target but only for some selected times. To achieve a continuous, but local, following of the target, a streak camera recorded 
a line of the shell from the beginning to the end of the expansion. It used the same light source as the integral camera. In
complement, a new integral camera was used, based on two digital cameras which can take a picture each 10 μs. For them,
the light is provided by two pulsed lasers. The very low duration of the laser pulse (around a few nanoseconds) is used as a 
shutter and assures a very good time precision without any blur due to the target movement. As the light flow is high
enough, the depth of field can be set to contain all the target. More details about this technique can be found in [11]. To
assure fine measurements, an equivalent target at a time expected for fragmentation has been used (Fig. 3). This surrogate 
was used during the installation of the experiment to set all optical observations as the different combs of probes.
3. Experimental results
3.1. PDV probes
Over the 27 probes only two, including PDV1, did not give results. The main PDV results are presented in Fig. 4a. On
those signals several aspects can be noticed: as expected, a slight delay occurs as a function of site, due to differential
attenuation. On every signal, the first shock is followed by a second one which finishes the acceleration of the shell. Then,
only the oscillations inside the thickness of the target are observed as it is in free flight. After a few microseconds (~ 8 μs), 
signals become more noisy and new type of oscillations appears (Fig. 4b) on some signals. A quick analysis shows that 
these new oscillations correspond to the elastic withdrawal which appears just after the complete fragmentation of the shell.
This is a first indication of the time at which failure occurs here (between 10 and 15 μs).
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Fig. 4. (a) Main PDV signals, (b) details of PDV signals at θ = 25° and 59°.
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3.2. Optical observations 
Fig. 5 presents the different optical observations achieved during the experiment. The mechano-optical camera and the 
laser imaging were set to observe fragmentation around 25 μs (deduced from past experiment). It appears that, in these 
conditions of pressure and strain rate, the shell fails sooner than expected and only pictures with a complete failure have 
been recorded. Both techniques gave us very precise images and some shape analysis was performed and will be discussed 
in the next part of the article. The streak camera performed a complete record of all the expansion from the beginning 
without failure to the complete fragmentation (Fig. 5c). Its analysis has shown first changes in reflectivity around 10 μs and 
catastrophic changes after 15 μs. These results are consistent with observations on PDV combs and seem to correspond to 
the fragmentation of the shell. 
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Fig. 5. (a) Integral image at 23 μs, (b) laser imaging at 22 μs and (c) image from the streak camera (red arrow correspond to the four laser pulse). 
3.3. 3D reconstruction and conclusions on experimental results 
Due to the high quality of the image (in particular the four laser imaging), it has been possible to realize some shape 
analysis of the surface after fragmentation (Fig. 6a). Those shapes are constants for the four images and can be correlated 
together. Knowing the initial surface and the velocity in different sites (using PDV combs), it was possible to project those 
shapes on a 3D reconstruction of the shell. This 3D model can be reversed in time using the velocity signals to find the 
instant when all fragments fit together. This mean time corresponds to around 12 μs which is compatible with previous 
observations. This analysis also allows us to determine the mean value of fragment area which is around 150 mm² and their 
statistic (discussed in the next chapter). So, this experiment gave us coherent values for the fragmentation time (between 10 
and 15 μs) and very good velocities measurements. We will try to simulate them in the next chapter. 
(a) (b)
 
Fig. 6. (a) Shape recognition and (b) 3D reconstruction in time (2 views). 
4. Numerical simulations 
4.1. Velocities measurements 
The first step to approach the fragmentation is to simulate the way the shell is put into motion. For this we used the code 
HESIONE in its eulerian version to compute the pressure generated by the high explosive and the transmitter at the shell. To 
assure the good correlation between the simulation and the experiment, we first compare the numerical velocities with the 
ones measured by PDV. We achieve a very good agreement as we can see in the example of Fig. 7a (the results at the other 
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sites are similar). We can observe that the beginning of the signal is almost perfectly restituted by the simulation  whereas, 
at 10 μs (for this site), the experimental signal stops decreasing at the difference of the numerical one. This can be linked to 
the complete fragmentation which releases the fragment. Thus, it is no more slowed down by the plastic work as it is the 
case in the simulation (2D axisymetric here) where the shell is still intact. These results are summed-up in Fig. 7b where the 
different characteristic times are compared to the numerical ones. Except for fragmentation processes for which no model is 
used in the simulations, we can observe a pretty good agreement with the experimental results. 
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Fig. 7. Comparisons simulation vs. experiment, (a) on PDV signal at 35° and (b) on characteristic times. 
4.2. Fragments size 
In the literature, various formulas exist to predict the mean fragment size and their distribution as a function of material 
parameters and usually the strain rate. As the numerical simulation well reproduces the beginning of target flight, it is used 
to determine the strain rate at fragmentation time which is around 17000 s-1. Using formulas from Grady [12] and Glenn 
[13] with typical parameters for Ti-6Al-4V and a value of toughness equal to 120 MPa.m1/2 [14], we obtain mean sizes of 
fragment respectively of 120 and 130 mm² which are consistent with the mean value from experiment (150 mm²) and the 
discrepancy on the value of the toughness.  
To complete this analysis, we compare the experimental cumulative statistic of the fragment area with the one achieve 
using Zhou's formula [15] or geometrical fragmentation (Fig. 8a). This technique, inspired from Grady's [16], uses the 
surface of the shell issued from simulation as a support to generate fragments at the failure time. In this first approach, we 
use Voronoï cells to generate their shapes (Fig. 8b). The number of cells is selected to achieve the same mean area as the 
experimental one (150 mm²). The global aspect is similar to the one observed by laser imaging after an equivalent free flight 
(Fig. 8c). The cumulative statistic of fragments sizes obtained by this technique presents some small differences with 
experiment for high and low sizes. At the opposite, Zhou's formula (Eq. (1) where Φ is the cumulative number of fragments 
with area higher than s, Nf is the total number of fragments, Γ is the gamma function, s  is the mean fragment area, and s0 
and n are parameters) which was designed originally for fragmentation of ceramics and is issued from a numerical analysis 
using cohesive zones to model the failure, fits very well the experimental data but with n = 1.5 and s0 = 0. The difference 
between the two methods could be linked to the fragmentation process and will be investigated more precisely in the future. 
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Fig. 8. (a) Cumulative statistic of fragment size, (b) geometrical fragmentation and (c) comparison to laser imaging 
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5. Conclusion 
In this article, we have presented a complete experiment about the fragmentation of titanium alloy from its design to its 
numerical simulation. Different diagnoses were presented. Some of them are classical in this type of experiment (integral 
imaging), others are also classical but used in an unusual way (PDV combs, streak camera) or are newly developed (laser 
imaging). All together they allowed us to follow the expansion of the titanium alloy shell during the experiment and to 
detect precisely and coherently the time of failure apparition. From high quality images, shape recognition and a complete 
3D reconstruction of the target have been realized. 
Numerical simulations achieve a very good modelization of the experiment until the fragmentation time. It was used to 
determine the strain rate at the time of failure. From this strain rate, classical calculations of cumulative statistic and mean 
fragments sizes have been done. They showed a pretty good agreement with the experimental data even if some 
discrepancies are observed. We can assume that the effect of the initial shock wave and the secondary waves can not be 
neglected and that a complete numerical model for failure has to be implemented in our code.  
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